a b s t r a c t
The Gyrovirus genus consists of the immunosuppressive Chicken Anemia Virus (CAV) prototype and since 2011 three other viral species found in sera/tissues of chickens, human feces, and on human skin. Here the genomes of two other gyrovirus species were characterized in diarrhea samples from Tunisian children whose main ORFs shared amino acid identity of 46-59% with those of the previously characterized gyroviruses and were provisionally named GyV5 and GyV6. All currently known gyroviruses grouped into two clades with distinct genomic features including replacement of the VP2 overlapping Apoptin gene with a distinct ORF of unknown function. Previous reports of gyrovirus DNA in human blood and on human skins warrant studies of possible human tropisms for these newly characterized gyroviruses.
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The study
Chicken anemia virus (CAV) is a non-enveloped, single stranded DNA genome virus, which until 2011 was the only recognized member of the genus Gyrovirus. CAV is a small 25 nm icosahedral virus with a circular 2.3-kb genome responsible for severe anemia and immunosuppression in young susceptible chickens worldwide (Schat, 2009) . Gyroviruses named HGyV (from swabs of healthy skins of French adults) (Sauvage et al., 2011) , and AGV2 (from sera/ tissues of diseased chicken from Brazil) (Rijsewijk et al., 2011) , which shared 96% nucleotide identity were recently characterized. HGyV/AGV2 DNA was also detected in blood samples from 3/100 (3%) solid organ transplant recipients and in 1/151 (0.7%) HIVinfected person from Italy (Maggi et al., 2012) . HGyV/AGV2 was also identified at low DNA titers (o500 copies/mL plasma) in 3/ 358 (0.85%) of healthy French blood donors (Biagini et al., 2013) . The third gyrovirus species (GyV3) was discovered (together with CAV and HGyV/AGV2) in the feces of a Chilean child with an unexplained case of diarrhea (Phan et al., 2012) . Thirty-two percent of Chilean human fecal samples also contained CAV DNA (Phan et al., 2012) . The fourth gyrovirus species (GyV4) was identified in 1.8% of fecal specimens from people with diarrhea in Hong Kong and 13.9% of fecal specimens from immune compromised patients in the US (Chu et al., 2012) . This study also reported CAV in 6.5%, HGyV/AGV2 in 7.5%, and GyV3 in 5.8% of Hong Kong diarrhea samples with a higher than expected rate of co-detection (Chu et al., 2012) .
Here fecal specimens from Tunisian children with acute gastroenteritis were analyzed by unbiased deep sequencing. These specimens were pre-tested for rotavirus, norovirus, astrovirus, sapovirus, adenovirus types 40 and 41, and Aichi virus by RT-PCR and found to be negative (Sdiri-Loulizi et al., 2008) . To characterize viral nucleic acids viral particles in feces were enriched by filtration (Victoria et al., 2009 ), a DNA library was constructed using ScriptSeq™ v2 RNA-Seq Library Preparation Kit (Epicentre), and sequenced using the Illumina MiSeq platform. Viral sequences were identified using BLASTx to annotated viral proteins available in GenBank′s non-redundant database.
One hundred eighty unexplained diarrhea feces samples from Tunisia were analyzed in pools of 10 in two Illumina MiSeq runs of 250 bases paired-end reads. Two pools contained two and 16 reads, respectively, with perfect or nearly perfect matches to HGyV/AGV2 sequences indicating the presence of this genome. Four other pools showed the presence of a total of sixteen reads encoding gyrovirus-like sequence segments but with high levels of amino acid mismatches to the previously characterized gyroviruses. Four individual fecal specimens were identified from these four pools using PCR primers complementary to these divergent gyrovirus sequences. A complete circular genome (2020 bases) of a novel gyrovirus named GyV5 (GenBank KF294861) was acquired using inverse PCR (iPCR). iPCR amplicons were directly Sanger sequenced by primer walking. Two major overlapping ORFs for structural protein VP1 (356-aa) and non-structural protein VP2 (231-aa) were identified (Fig. 1A) . The non-translated region (NTR) was 494-bp in length and contained a polyadenylation signal [AATAAA] . The VP1 of GyV5 showed identities of 25% to 59% and VP2 showed identities of 15% to 43% to those of other gyroviruses (Table 1) . A small ORF (89-aa) labeled "unknown" in Fig. 1A was also identified in GyV5 that showed 46% identity to an ORF in GyV4 but only very low identity of 8-12% to the similarly positioned VP3/Apoptin protein in CAV, HGyV/AGV2 and GyV3 (Table 1 ). The unknown ORF in GyV5 did not contain Apoptin or any other BLASTp recognizable conserved protein domains. Phylogenetic analyses of the VP1, VP2, VP3/Apoptin/unknown proteins were performed. Phylogenetic tree were generated using MEGA version 5 (Tamura et al., 2011) . GyV5 was located on a branch together with GyV4 for all three ORFs (Fig. 1B) . Given its divergence to other gyroviruses GyV5 may represent a novel species within the genus Gyrovirus pending ICTV review.
The nearly complete genome (2282-bp) of another gyrovirus named GyV6 (GenBank KF294862) was similarly generated from a different fecal sample. GyV6 also showed three overlapping ORFs for VP1 (453-aa), VP2 (225-aa) and VP3/Apoptin (111-aa) (Fig. 1A) . The NTR (433-bp) could not be completely Sanger sequenced even after plasmid subcloning likely due to a high GC content. Direct alignment between the partial NTR sequences of GyV6 and the closest matches in HGyV/AGV2 and GyV3 revealed that 16 to 18 nucleotides were likely not sequenced. The GyV6 NTR possessed four tandem repeats of a CAV promoter (TGTACAGGGGGGGTACGTCA) containing a putative estrogen-response element (ACGTCA) that can upregulate transcription (Miller et al., 2005) and can be negatively regulated by COUP-TF1 (Miller et al., 2008) . Four copies of this promoter element are found in CAV and HGyV/AGV2, while only one copy is found in GyV3. Alignments showed that the VP1 of GyV6 shared identities of 25% to 50% and VP2 identities of 14% to 55% to those of other gyroviruses (Table 1 ). The carboxyl terminus of GyV5 and GyV6 VP1 both contained a mostly conserved motif TLX 2 AE for rolling-circle replication (RCR) function (Ilyina and Koonin, 1992) (Fig. S1 ). VP2 phosphatase motif CX 5 R was found in the VP2 of both GyV5 and GyV6 (Peters et al., 2002; Takahashi et al., 2000) (Fig. S2 ). Both genomes also contained a VP2 motif WX 7 HX 3 CXCX 5 H that is also found in the ORF2 of anelloviruses, a distantly related genus also with a small circular ssDNA genome (Takahashi et al., 2000) . The VP3/Apoptin protein in CAV and HGyV/AGV2 can induce apoptosis in some human cancer cells (Bullenkamp et al., 2012; Pietersen and Noteborn, 2000) . The VP3/Apoptin of GyV6 shared 39% to 41% identities to VP3/Apoptin of CAV, HGyV/AGV2 and GyV3 but only 7% to 12% to the similarly positioned ORF in GyV4 and GyV5.
Phylogenetic and genetic distance analyses therefore indicated that GyV6 may be considered a prototype for another gyrovirus species (Fig. 1B and Table 1 ). Gyroviruses could be further subgrouped into two distinct clades A and B (Fig. 1B) . Supporting the presence of two distinct gyrovirus groups were other genomic differences. The promoter nucleotide motif with an estrogen responsive element was found in all group A but in none of the group B NTR. The group A VP1s were approximately 100 amino acid longer than those of group B (Table 1) . Both group B genomes contained a small ORF in the same location as the VP3/Apoptin ORF found in all group A genomes but in a reading different frame respective to the overlapping VP2. This ORF encodes a putative protein without significant similarity to Apoptin or any other known protein (BLASTp E score to NR 41).
Nested PCR screening was next performed using GyV5 and GyV6 specific primers on all 180 fecal samples. No sample were PCR positive apart from the 4 initially detected in pools by deep sequencing yielding a prevalence of DNA detection in this population of 0.56% for GyV5 and 1.67% for GyV6. The low prevalence for GyV5 and GyV6 DNA indicates no or only a rare role for these two viruses in the diarrhea of these Tunisian children.
Beside CAV the frequent detection in chicken tissues of HGyV/ AGV2 (Chu et al., 2012; dos Santos et al., 2012; Rijsewijk et al., 2011) and GyV4 (Chu et al., 2012) indicates that at least 3 species of gyroviruses commonly infect these birds. A dietary origin for GyV5 and GyV6 DNA in human feces should therefore be considered (Chu et al., 2012; Phan et al., 2012) . The lack of human antibodies to CAV argues against human infection with that common chicken virus (Chu et al., 2012) but the reports of HGyV/AGV2 DNA on human skin and in human blood raises the possibility that human infections may also occur (Biagini et al., 2013; Maggi et al., 2012; Sauvage et al., 2011) . Testing for human antibodies to all gyroviruses and confirming human infections should clarify whether dietary or occupational exposure to infected chicken can results in human infection.
